Abstract: Thickness accuracy of plate production depends on Automatic Gauge Control (AGC) in the plate mill area. A typical modern thickness control system design and implementation of a steel plate mill is discussed together with the impact on the design of process models, available measurements, available control actuators and material properties. A highlevel software design approach provides the ability to make quick and accurate modifications to both control loops and tuning constants. Control loop strategies and theoretical concepts of steel plate rolling are discussed. Performance results achieved during the startup of a steel plate mill are included.
INTRODUCTION
The schematic diagram of a plate mill is shown in Fig. (1). The mill stand consists of a mill housing containing two cylindrical work rolls, which perform the reduction, and a pair of larger backup rolls, which support them. Gap control includes the control for the top mounted variable speed synchronous motor driven no-load screwdowns and a bottom mounted servo controlled hydraulic cylinders [1] . These two actuators are controlled as required to support roll change, plate rolling and mill testing.
The thickness of the steel is controlled by dynamic roll positioning. Because the reduction of hot steel in the roll bite is sensitive to mill speed changes as well as temperature and hardness changes in strip entry, the gauge control must be able to control to the desired thickness of strip in the face of these disturbances. This control involves the careful coordination of a number of strategies. The rolls are placed prior to entry bar of the mill. It involves predictive models of the steel-rolling process, which will give accurate roll-position settings. To produce output strip of the desired thickness, the roll position is then altered during rolling of the bar. This dynamic roll positioning during rolling of the strip is referred to as automatic gauge control (AGC). The results of rolling each strip are further analyzed and used as adaptive corrections to the predictive models [2] .
The success of the thickness control depends on the ability of these various facets of the control to blend in a cohesive system. This blending is particularly evident in the successful development of the absolute, or predicted, mode of automatic gauge control. This mode of control involves an intimate connection between the traditional mill setup and AGC functions. It can prove that a structured system design approach is necessary to ensure the proper integration of the various components of the thickness control [3] .
THICKNESS CONTROL OVERVIEW
The various components of the thickness control in the setup and AGC functions take the form of accurate and responsive control loops. A block diagram of these control loops is shown in Fig. (2) . Two major sources of disturbances that must be eliminated in the control of strip thickness are roll-gap errors and strip-hardness errors. The roll gap is modeled by a number of open-loop models, which are calibrated using mill tests. Residual roll gap errors are isolated using X-ray thickness measurements and the principle of mass flow and are used as adaptive feedback for the roll-gap models. These errors are usually small, and it is because the roll gap can be modeled accurately that the absolute mode of AGC can operate so successfully.
Strip hardness and deformation characteristics are also modeled for the numerous grades of steel and rolling conditions. Errors in these models are isolated using roll-force predictions during the adaptive feedback process. Any remaining steady-state error is removed by the mill vernier feedback, which compares the desired thickness with the actual thickness. These bar-to-bar control loops work in conjunction with the in-bar automatic gauge control.
Automatic gauge control uses two methods to measure strip thickness. The first uses the roll position and force measurements at the rolling mill stand as the basic one. Strip thickness differs from roll position because of various mill housing deflections and roll deformations, which are compositely known as "mill stretch". The total roll force of the stand reacts to this mill stretch but also reacts to changes in the mill stand. Therefore, while roll position and force measurements offer the potential of an immediate measure of strip thickness at each stand, certain prerequisites must be met. Because roll force is one indicator of mill stretch, it is necessary to know how to extract it and convert it to mill stretch by an accurate transfer function. The control of strip thickness using roll position and force measurements is known as Gaugemeter, or BISRA, AGC, named after the British Iron and Steel Research Association. In practice, different control goal requires different mill modulus in the manufacture process of hot rolling mill [4, 5] . AGC can compensate elastic deformation of the rolling mill to a certain extent when rolling force fluctuates. In other words, the mill modulus can be controlled. So, there is a concept of the mill modulus control (MMC) to be brought forward. According to different requirement of rolling technology, different equivalent mill modulus can be obtained while changing adjustment coefficients in the AGC system. MMC also uses the Gaugemeter equation to estimate stand exit strip thickness changes.
The second measurement of strip thickness is provided by a thickness gauge at the exit of the plate mill. This device accurately measures the strip thickness in a distance from the mill and therefore gives a delayed measurement of the strip thickness. This means that the control that uses the thickness gauge must carefully account for this delay. The control of strip thickness using thickness gauge measurements is known as monitor control. By using the measured thickness, Feedforward AGC is provided to help compensation for known incoming product variations. Feedforward AGC assists MMC and Gaugemeter as they cannot completely correct gauge due to factors such as window friction and load cell hysteresis.
Mill Modulus Control (MMC)
MMC modifies gap position to maintain a constant delivery strip thickness from the stand. MMC uses the Gaugemeter equation to estimate stand exit strip thickness changes. MMC control provides an absolute and a lock-on mode. Automatic gauge control can be deselected (including MMC) for the stand. While the Gaugemeter equation is used for both modes of operation, the different modes determine how the reference is generated and the turn on time of the function. After installation the control is intended to operate in absolute mode so there is no operator selection.
The force reference from the setup model is used to calculate the setup stretch reference. Strip force is used to calculate the stretch error. The setup stretch reference and stretch are used by the clamp and ramp function to determine the absolute stretch reference. If absolute is selected and after the absolute time delay has expired, the absolute stretch reference is used and the control becomes active. If lock-on is selected and after the lock-on time delay has expired, the calculated stretch is used as the stretch reference and the control becomes active. The stretch error is calculated so that if the stretch error becomes more positive, the gap will close. The amount of correction that is applied is controlled by the MMC gain. Gains are provided for three ranges of strip hardness (hard, medium and soft). Fig. (3) is a simplified block diagram of the MMC function.
Gaugemeter Control (GM)
Gaugemeter control uses the Gaugemeter equation (h = S0 + P/M, see Fig. 4 ) to estimate exit strip thickness at each stand [6] . GM uses the calculated strip thickness as the feedback to maintain the desired delivery strip thickness from the stand by modifying gap position. GM is a slower outer control loop that tries to achieve a desired strip thickness in contrast to MMC that is the high speed inner control loop that tries to instantly correct for mill stretch changes. After installation the control is intended to operate in Absolute mode so there is no operator selection. GM control provides an absolute and a lock-on mode. The mode of control is selected for the stand. While the Gaugemeter equation is used for both modes of operation, the different modes determine how the reference is generated and the turn on time of the function. GM first calculates the exit strip thickness by the Gaugemeter method using gap position, gap compensations and calculated mill stretch. A lock-on thickness is calculated for lock-on GM by multiplying a Lock-on Stretch Gain times the calculated mill stretch. Similarly, an absolute thickness is calculated for absolute GM using an Absolute Stretch Gain. For absolute GM, a portion of the calculated setup stretch is also added for the amount of stretch ignored by the Absolute Stretch Gain. If the Smith Method Monitor is active, that offset will also be included in the absolute thickness feedback.
A proportional plus integral control is applied to the GM error. The resulting strip thickness correction is multiplied by a transfer function that calculates the appropriate gap correction to achieve the desired strip thickness change. The selected GM Stretch Gain (Absolute or Lock-on) and the MMC Stretch Gain, as well as the Mill and Strip Modulus, affect the transfer function [7] .
X-RAY Monitor
The X-ray Monitor regulates mill exit thickness using strip thickness deviation feedback measured by an X-ray gauge. The measured thickness deviation is integrated and the result is applied as a gap correction to the gap control for the stand. X-ray Monitor defaults to Absolute and will produce gap corrections to make the strip thickness equal the Xray gauge target thickness (zero deviation). However, the control can direct the X-ray Monitor to re-target to the measured thickness with a Auto Lock-on feature to help prevent cobbles.
The reference for the regulator is normally zero deviation but will become a non-zero deviation if Auto Lock-on occurs because of an excessive initial error. The feedback is the selected X-ray gauge measured deviation. The gauge error is calculated as the difference between the deviation reference and the deviation feedback. The gauge error is used to calculate the correction.
Feed for Ward
Feedforward AGC is provided to help compensate for known incoming product variations. Feedforward assists MMC and Gaugemeter as they cannot completely correct gauge due to factors such as window friction and load cell hysteresis.
Feedforward AGC measures an entry thickness. Since there is only one X-ray gauge (exit side of the mill) Feedforward is only available on reverse passes. The entry thickness is recorded in a list and tracked as the strip moves to the mill. As a segment of strip approaches the stand, the thickness is removed from the list and used to calculate a gap correction designed to enable MMC to remove the entire deviation.
Feedforward AGC performs the tasks listed below and illustrated in Fig. (5) .
The Feedforward AGC gauge correction is then computed to be the amount of expected delivery gauge error from the expected equivalent entry gauge change.
The thickness value is removed from the delay list slightly before it arrives at the stand to allow the position regulator time to respond.
GAP COMPENSATIONS
Gap Compensations are open loop corrections to the Gap Position Regulator for known effects that change the effective roll gap opening but are not directly measured by the gap position transducers. Gap position transducers measure the amount of cylinder (and/or screw) extension. Although the measurements are very accurate, between position measurements and the actual gap opening are the backup roll chock and bearings, the backup roll diameter and the work roll diameter. When force is applied, the mill housing stretches, the backup roll necks bend, the roll surfaces flatten at the points of contact, the oil in the cylinder compresses and the backup roll moves off center in its bearing. As the mill stand speed increases the backup roll will become more centered in its bearing. As the rolls heat up they expand and their diameters increase. As the rolls wear their diameters decrease. The amount the rolls bend changes as roll bending force changes. The centerline gap changes as the side shift position changes. Force measurements (load cells) drift. In addition, the strip thickness changes when strip tension changes. calculations attempt to take care of the changes from the zeroing conditions. In general, factors that change slowly like roll wear and long term roll heating can be calculated by the setup models. Factors that change quickly are calculated by AGC functions [8] .
The stretch of the mill housing and the stack deflection (roll chock dimension changes with force and roll flattening) are corrected by the MMC AGC function. The Backup Roll Eccentricity function compensates for backup roll diameter variations during a revolution. Compensation for oil compression in the gap cylinders and manual load cell zeroing are provided by the gap control function. All other effects that can be predicted by open loop calculations are grouped into the gap compensations AGC function.
Oil Film Compensation
The backup rolls settle to the outer side of their bearings at low speeds, but as the rotation of the backup roll increases, the bearing oil is pulled evenly around the roll, causing the roll to center itself. The speed effect on roll gap is to decrease roll opening as mill speed increases. The magnitude of this effect decreases as roll force increases. The gap position sensors do not detect the change in roll gap opening. This change can be significant in oil type bearings and can cause large errors in gage control if not properly compensated. Roller bearings may not require compensation.
This compensation provides an offset to the Gap Position regulator to maintain a constant effective gap as mill speed changes. The effect on the roll gap is separated into a speed effect and a force effect. The speed effect determines the correction to roll gap position with the roll separating force equal to zeroing force. The speed effect is zero at zero speed. As speed increases the gap will be opened. The force effect determines a per unit modifier which relates the correction at other forces to the correction required for zeroing force. The per-unit effect is 1.0 at zeroing force. As force increases the amount of correction must be reduced.
Curves of the speed effect and force effect are stored as arrays. Linear interpolation between data points is used to determine the speed effect and force effect for operating speed and force. The final correction is calculated by multiplying the interpolated speed effect value times the interpolated per unit force effect.
Roll Thermal Expansion
The work and backup rolls heat up when metal is in the stand and cool down when the stand is empty. As roll temperature increases the diameter expands causing the actual roll gap to decrease. This effect cannot be measured while rolling so it is modeled by the setup model using the roll material characteristics, metal temperatures, rolling time and length, cooling spray flows, etc. The effect is separated into a long term effect and a short term effect. The long term (pass to pass, product to product) effect is included in a gap position reference offset. The short term effect is modeled as a simple exponential time constant. The setup model provides the Final Value of gap change and the Time Constant for each product.
Roll Bending Compensation
Roll bending is used to help control strip profile and flatness. Depending on the mechanical configuration, the force produced by positive (crown in) roll bending cylinders can be measured by the stand force sensors even though the positive bending forces do not help to reduce the strip. Therefore the strip force is calculated by subtracting the positive roll bending force from the load cell force. Note that the load cells are calibrated to produce zero tons with backup roll balance on, Roll Bending and balance off, and the stand roll gap open that determines a tare force that must also be subtracted from load cell force.
The roll gap position is calibrated with roll bending at a roll balance force. When bending force changes from balance force there will be a change to the effective roll gap. The predominant effect on the roll gap is that an increase in positive bending will stretch the mill housing causing the effective gap to open. MMC AGC will not correct for this stretch because the positive bending force is not included in strip force. The gap correction necessary to compensate for this stretch must close the gap by an amount equal to the bending force (above bending force at gap calibration) divided by the mill housing modulus.
APPLICATIONS

Design Approach
This thickness control could only be achieved through proper system design. The most important design objectives were high availability, efficient installation, optimum delivery, and ease of maintenance. A flexible modular approach was chosen to enhance these design objectives. This approach was further enhanced with the extensive use of structured design techniques.
Structured design techniques were used throughout both the hardware and software design. The essential nature of structured design involves breaking down the complex requirements into small modules which are then easily managed. The main design effort is involved in the process of building each of these modules and assembling them together to form the complex set of automation functions. Good structured design promotes the flexible modular approach significantly both during the design phase and for the longterm maintenance of the system. The AGC software was divided into a number of individual control, action, and communication modules. Many of these modules were managed as a coordinated group of AGC functions while other functions were performed as more individual modules separate from this group. The division of the AGC functions is shown in Fig. (6) .
Software Planning
Each of the individual software modules has a similar life history. Fig. (7) contains a generalized view of that history. There is an analysis phase, a design phase, a coding phase, and an individual testing phase. Groups of modules were brought together to provide functional tests. Then many functions were combined together for a total simulation involving both hardware and software integration. Individual module test software was designed. In addition a very flexible and comprehensive software simulation package was developed and used prior to, and during, the hardware and software integration phase.
In the initial analysis phase fully 80-90 percent of the final system documentation was produced. This documentation was subject to a rigorous design inspection and review procedure. This procedure was very successful and ensured at an early stage in the project that all the individual parts would eventually fit together correctly. Both customer and factory personnel worked together during the design phase. Work activities were allocated based on skill and experience among all team members.
CONCLUSION
The plate mill thickness control system described herein was successfully installed at the No. 2 Plate Mill of Handan Hongri Metallurgy Co. Ltd., China. The system has surpassed its original performance targets. This success was not the result of a single factor, but of the thorough coordination of the total thickness control system. This included welldeveloped control strategies, structured design implementation, accurate simulation and calibration of the mill prior to rolling, as well as the availability of fully tested engineering analysis tools for the first day of rolling. The system was quickly brought on-line and has continued to enjoy very stable high performance as a result of these efforts.
The thickness accuracy guaranteed value of the automation system is shown in Table 1 . With AGC function in basic automation system, the plate thickness accuracy can be guaranteed. Fig. (7) . Software Design Planning Chart.
